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(57) ABSTRACT 

Isolation and ampli?cation of cardiac pacemaking/conduc 
tion system cells and development of a pacemaking/conduc 
tion system in vitro using the expression of surrogate 
expression markers. Use of markers to identify and select for 
clusters of pacemaking “nodes” that are functionally 
coupled With adjacent contracting regions and generation of 
cell populations displaying electrical properties characteris 
tic of specialized pacemaking/conducting cardiac myocytes 
for modeling the cardiac conduction system, testing of 
pharmaceuticals and for transplantation. 
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CARDIAC CONDUCTION SYSTEM CELLS AND 
USES THEREOF 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims the bene?t of US. Provi 
sional Application No. 60/578,676, ?led Jun. 10, 2004. 

FIELD OF THE INVENTION 

[0002] The invention relates to the ?eld of cardiology. The 
invention relates in particular to methods for modeling the 
cardiac conduction system and for the isolation and selection 
of cardiac conducting and pacing cells. 

BACKGROUND OF THE INVENTION 

[0003] The highly specialiZed cells of the cardiac pace 
making/conduction system (PCS) Work together to initiate 
and synchroniZe atrial and ventricular contractions. The PCS 
includes proximal excitatory (nodal) cells and distal con 
ducting, cells including ultimately the Purkinje cells. The 
excitatory nodal cells initiate excitation and directly cause 
the atrial cells to contract through rapid spread of depolar 
iZation through adjacent cells connected by gap junctions. 
The distal conducting cells convey the depolariZation ulti 
mately to the Purkinje cells, Which cause the ventricular 
cells to contract. Dysfunction of this intricate electrical 
system results in cardiac arrhythmias or complete heart 
block and is a source of signi?cant morbidity and mortality 
(Cheng C F, Kuo H C, Chien K R, Trends Mol Med 9 (2003) 
59). 
[0004] LocaliZed in spatially discrete regions, the excita 
tory (nodal) cells are specialiZed non-contractile muscle 
cells that are able to produce intrinsic excitation in the 
absence of nervous innervation because they lack a stable 
resting membrane potential and are thus constantly depo 
lariZing and drifting toWard action potential in a spontaneous 
and rhythmic Way. This is called autorhythmicity and these 
cells pace the heart and are thus termed “pacemaking” cells. 

[0005] Pacemaking cells are spatially located primarily in 
the sinoatrial (SA) node, located in the right atrium Where 
the superior vena cava enters the atrium, and secondarily in 
the atrioventricular (AV) node, located at the ?brous septum 
betWeen the right atrium and the right ventricle. During a 
heartbeat, an action potential is generated in cells of the SA 
node, Which have the fastest rate of depolariZation. The 
action potential then spreads to tWo places, through gap 
junctions to the neighboring cells of atria, and to the 
internodal pathWays. Internodal pathWays are formed of 
specialiZed cells that act as a direct pathWay for rapid 
conduction of the action potential to the AV node. These 
pathWays do not use gap junctions to send impulses. The AV 
node, Which has small diameter ?bers and feWer gap junc 
tions, delays and controls transmittal of the impulse to the 
AV or Common Bundle (Bundle of His), thus alloWing time 
for the atria to ?nish contracting prior to ventricular con 
traction. The AV Bundle runs from the AV Node through the 
atrioventricular septum and then splits into the right and left 
bundle branches that run doWn the septum betWeen the tWo 
ventricles and on through to the Purkinje ?bers communi 
cating the impulse to the ventricular muscle. As there are no 
electrical connections betWeen cardiomyocytes of the atria 
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and the ventricles, the AV Bundle is the only electrical 
connection betWeen the atria and the ventricles. 

[0006] Because adequate perfusion is vital to cellular life, 
cardiac development begins early in embryogenesis. Thus, 
the murine heart tube forms at approximately day 8 of 
embryonic development at Which time sloW, peristaltic con 
tractions occur. This development can be recapitulated in 
vitro in embryonic stem cells that are alloWed to begin 
differentiation. Embryonic stem (ES) cells are capable of 
differentiating into any cell type in the body including cells 
that constitute the specialiZed PCS in vivo. When murine ES 
cells are alloWed to differentiate as clusters termed embryoid 
bodies (EBs), rhythmic spontaneous contractions can be 
observed betWeen 8 to 10 days of differentiation, indicating 
the presence of cardiomyocytes. ES cells differentiated as 
EBs have been used to develop numerous model systems for 
studying cardiomyocyte differentiation because they closely 
recapitulate developmental gene expression patterns in vitro 
(Maltsev VA, et al., Circ Res 75 (1994) 233; M van Kempen 
et al., Cell Physiol Biochem 13 (2003) 263). 

[0007] A primitive cardiac conduction system that reca 
pitulates What is occurring during embryogenesis is also 
knoWn to develop in embryonic bodies. The spontaneously 
contracting regions observed in differentiating EBs contain 
cells With electrophysiological characteristics of atrial, ven 
tricular, and pacemaking/ conducting myocytes (Wobus A M. 
et al. Ann NYAcad Sci 752 (1995) 460-9). Thus, in addition 
to the presence of contracting cardiac myocytes, specialized 
pacemaking and conducting cells are also present in devel 
oping liens and cells With “nodal-like” action potentials have 
been found in single-cell dispersions of EBs (Maltsev V A. 
et al., Mech Dev 44 (1993) 41). HoWever, Without perform 
ing electrophysiological experiments there has been no Way 
to knoW Which cells might be specialiZed pacemaking or 
conducting cells. While the development of electrical activ 
ity has been studied in EBs plated on multi-electrode arrays, 
this method provides only ?eld potentials in the regions of 
the surface electrodes and is not alWays capable of identi 
fying the speci?c cells that initiate or conduct the action 
potentials (Banach K, et al., Am J Physiol Hear Circ Physiol 
284 (2003) H2114). 

[0008] Based on the location of their expression in the 
heart, several genetic markers have been identi?ed With 
components of the murine cardiac conduction system. HoW 
ever, it has been unclear Whether cells expressing these 
markers actually function as specialiZed cardiac pacemaking 
or conducting myocytes (Myers D C & Fishman G I Trends 
Cardiovasc Med 13 (2003) 289-95; Tamaddon H S, et al., 
(Circ Res 87 (2000) 929-36; Rentschler S, et al., Develop 
men! 128 (2001) 1785-92; Gourdie R G, et al., Birth Defects 
Res Part C Embryo Today 69 (2003) 46-57). Furthermore, 
because molecular markers of specialiZed cardiac conduct 
ing cells have not been heretofore unde?ned, it has remained 
unknoWn Whether the spontaneously contracting regions are 
simply isolated groups of myocytes or groups of cells in a 
higher organiZation. 

[0009] Several genetic markers have also been identi?ed 
With components of the developing heart based through 
targeted disruption of genes and location of expression in the 
heart. Using a gene targeting knockout/knock-in approach, 
Kupershmidt S. et al., Circ Res 84 (1999) 146-52, reported 
that the endogenous expression pattern of minK, Which 
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encodes a [3-subunit for the cardiac delayed recti?er potas 
sium current (IK), Was localized to the central cardiac 
conduction system in mice and co-localiZed With connexin 
40 in cells of the interventricular bundle branches. Expres 
sion of minK has been detected as early as embryonic day 
8.25 in mice and continues to be expressed in adults, Where 
it is con?ned primarily to the more proximal cardiac con 
duction system from the sinoatrial node through the inter 
ventricular bundles (Kondo R P, et al., J Cardiovasc Elec 
lrophysiol 14 (2003) 383). Although adult minK null mice 
are more prone to atrial arrhythmias than Wild-type animals, 
they do not exhibit an overt altered phenotype. 

[0010] Another marker that has been identi?ed With dis 
crete components of the specialiZed cardiac conduction 
system is the proximal 1.5 kb promoter/enhancer region of 
the chicken GATA6 gene (cGATA6) (Davis D L, et al. Mech 
Dev 108 (2001) 105-19). The Zinc ?nger transcription fac 
tors GATA4-6 are expressed in the developing heart and 
participate in the activation of a variety of cardiac speci?c 
structural genes including ot-myosin heavy chain (ot-MHC), 
cardiac troponin-C, atrial natriuretic factor (ANF), brain 
natriuretic peptide and cardiac troponin-I. Expression of the 
GATA factors is transcriptionally regulated in a temporal 
and spatially speci?c manner through a netWork of interde 
pendent regulatory events in Which other factors interact 
With target regulatory regions in GATA promoter/enhancers. 
For example, in the mouse, the homeodomain protein 
Nkx2.5 binds to a de?ned region of the GATA6 enhancer 
and the ensuing regulatory circuit results in development of 
the cardiac crescent. (revieWed in Molkentin J D, et al., 
Developmental Biology 217 (2000) 301). Using lacZ expres 
sion as a reporter of cGATA6 enhancer activity in transgenic 
mice, Davis et al. (supra) demonstrated that cGATA6 is 
expressed in the cardiac primordia, (prior to expression of 
minK and the formation of the heart tube). Of all the 
reported markers of the cardiac conduction system, the 
cGATA6 enhancer exhibits the earliest and most restricted 
expression pattern (Wessels A, et al., Novarlis Found Symp 
250 (2003) 44-59; discussion 59-67, 276-9). In the adult 
mouse, expression becomes restricted to the proximal por 
tion of the specialiZed cardiac conduction system. 

[0011] It has emerged that the coordinate expression of 
discrete genes at speci?c stages of cardiac development is 
regulated through the choreographed action of particular sets 
of transcription factors acting in a sequence speci?c manner 
on various cardiac speci?c enhancers in the untranslated 
regions of both regulatory transcription factors and struc 
tural genes. HoWever, because there are no model systems 
for studying the cardiac conduction system in vitro, little is 
knoWn about the molecular identity of the cells that consti 
tute the vital cardiac conduction system. Although several 
molecular markers have been shoWn to delineate compo 
nents of the cardiac conduction system in vivo, the func 
tional characteristics of the individual cells expressing these 
markers has remained unknown. (Myers D C and Irishman 
G I, Trends Cardiovasc Med 13 (2003) 289). 

[0012] Assigning a molecular phenotype to cardiac myo 
cytes from different regions of the heart is dif?cult. Cur 
rently, the most de?nitive Way to characteriZe a cardiac 
myocyte is based on electrophysiological properties. Of the 
knoWn cardiac-speci?c genes, there is no single gene that 
identi?es a cardiac pacemaking or conducting cell. Most of 
the characteristics of pacemaking cardiac myocytes have 
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been determined using freshly isolated cells. Both the SA 
and AV nodes are heterogeneous structures With regard to 
their cellular content. Part of the dif?culty in identifying the 
cells that function as pacemaking cells in the heterogenous 
population is due to the lack of Well-de?ned molecular 
markers. 

[0013] Thus one of the biggest obstacles to isolating and 
studying cardiac pacemaking/conducting cells has been the 
absence of clear molecular markers for these cells that 
Would enable isolation, enrichment and the development of 
model in vitro systems in Which pacemaking cells can 
discriminated from conducting and contracting cardiomyo 
cytes. 

[0014] Genetic markers of the cardiac conduction system 
currently available have been designated as such based on 
the location of their expression. None of the putative mark 
ers of the cardiac conduction system have been shoWn to 
identify cells that actually function as specialiZed cardiac 
pacemaking or conducting cells and no one has isolated 
single cells expressing any of these markers to determine if 
these cells display characteristics of cardiac pacemaking or 
conducting cells. 

[0015] What are needed are molecular markers for iden 
ti?cation and isolation of the various component cells of the 
cardiac PCS both for the development of in vitro model 
systems and for isolation of cells for cardiotransplantation in 
the treatment of arrhythmia. 

BRIEF SUMMARY OF THE INVENTION 

[0016] The present invention provides markers for spe 
cialiZed cell of the cardiac pacemaking/conducting system 
(PCS). By identifying selected regulatory elements and 
harnessing these elements to direct the expression of marker 
genes, cells committed to both pacemaking and conducting 
phenotypes have been identi?ed and isolated. 

[0017] The invention provides nucleic acid sequences that 
regulate expression of nucleotide sequences in a manner that 
identi?es cells of the cardiac pacing/ conduction system. The 
invention also provides isolated pacemaking and conducting 
cells as Well as methods of using these cells for the testing 
and derivation of pharmaceuticals in vitro and for repair of 
the PCS in vivo. In one embodiment, the invention described 
provides a method for the generation of an organiZed PCS. 

[0018] In one embodiment, cGATA6 and minK markers 
are employed simultaneously in differentiating murine ES 
cells to provide a functional, organiZed cardiac pacemaking 
and conducting system in vitro. 

[0019] In another embodiment of the invention, a cGATA6 
enhancer identi?es cells that organiZe and function as a 
pacemaking cells and is used to isolate a population of cells 
that resemble nodal cardiac myocytes With regard to gene 
expression and electrophysiological properties. 

[0020] In one embodiment of the invention, a process is 
provided for the isolation and enrichment of specialiZed 
cells of the cardiac pacemaking system from stem cell 
populations including the steps of transfecting stem cells 
With an expression construct including a GATA6 regulatory 
element operably linked to a coding sequence for a surrogate 
marker, Wherein the regulatory element is selectively active 
in cardiomyocytes that display or differentiate into the 
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display of an If pacemaking current. In one embodiment of 
the invention, the marker is selected from ?uorescent pro 
teins, enzymes, antibiotics, cell surface antigens, and com 
binations thereof. In one embodiment of the invention, the 
GATA6 regulatory element is derived from a chicken 
GATA6 promoter/ enhancer. 

[0021] In another embodiment, a method of identifying 
cardiac conducting system cells in a population of pluripo 
tent cells is provided Wherein expression is detected of a 
developmental stage speci?c protein selected from the group 
consisting of GATA6, minK, and combinations thereof. In 
one embodiment, expression of the developmental stage 
speci?c protein is detected by the expression of a surrogate 
for the developmental stage speci?c protein. In one embodi 
ment, surrogate for the developmental stage speci?c protein 
is a marker expressed under the transcriptional control of 
regulatory elements that are derived from native promoter/ 
enhancers for the developmental stage speci?c protein. 

[0022] In one embodiment, a method of selecting pace 
making cells having the characteristics of sinoatrial node 
cells is provided including transfecting a stem cell With an 
expression construct encoding a selectable marker under the 
transcriptional control of regulatory elements derived from 
the GATA6 promoter/enhancer, selecting a population of 
cells expressing the selectable marker, and expanding the 
population of cells in vitro, thereby generating an enriched 
population of sinoatrial node cells. In one embodiment the 
stem cell is a mammalian embryonic stem cell and the 
selectable marker is selected from the group consisting of 
?uorescent proteins, enZymes, antibiotics, cell surface anti 
gens, and combinations thereof. 

[0023] In one embodiment, an organiZed cardiac pace 
making/conduction model system in vitro is provided 
including constituent single cells that display genetic and 
electrophysiological properties characteristic of specialiZed 
pacemaking/conducting cardiac myocytes. 

[0024] In one embodiment, an organiZed cardiac pace 
making/conduction model system in vitro for determining 
the pharmacologic effects of compounds on cells of the 
mammalian cardiac conducting system is provided through 
the generation of a population of embryonic stem cells that 
have been selected for expression of a developmental stage 
speci?c protein selected from the group consisting of 
GATA6, minK, and combinations thereof. In one embodi 
ment of the model system the cells are selected for expres 
sion of GATA6 and an If current. 

[0025] The process provides model systems that may be 
used for the in vitro testing of the activity of drugs on the 
cardiac conduction system. The invention further provides 
differentiated cell populations that may be used for devel 
oping novel therapeutic strategies for various forms of 
cardiac disease. 

[0026] In a further embodiment the system employs co 
expression of tWo molecular markers, GATA6 and/or minK, 
as re?ected by the expression of surrogate markers. 

[0027] In one embodiment of the present invention, 
molecular markers are provided that identify sub-popula 
tions of cells Within differentiating EBs that organiZe in vitro 
to form a primitive, functional cardiac pacemaking, conduc 
tion, and contractile unit. In this embodiment of the inven 
tion, a system is provided in Which cells active from the 
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GATA6 and minK regulatory elements are co-selected and 
alloWed to differentiate into subpopulations of cells in EBs 
that display characteristics of a Working PCS including a 
nodal structure. Single cells expressing surrogate markers 
from both GATA6 and minK enhancer/promoters display 
action potential Waveforms and hyperpolariZation-activated 
cation currents (If) characteristic of specialiZed pacemaking 
cardiac myocytes. Adjacent to the GATA6/minK coexpress 
ing cells, cells expressing minK alone organiZe into a 
transitional region that connects to contracting myocytes 
that are negative for expression from regulatory elements of 
the GATA6 and/or minK promoter/ enhancers. The pacemak 
ing and transitional cells function as a primitive pacemaking 
unit for control of contracting cardiac myocytes in EBs thus 
providing a unique system to study development and orga 
niZation of the cardiac conducting system in vitro. 

[0028] In one embodiment of the invention an in vitro 
model system is provided in Which a 1.5 kb enhancer region 
of chicken GATA6 (cGATA6) and a 4.2 kb enhancer region 
of the murine minK gene, tWo putative markers of the 
cardiac conduction system, are used to de?ne a pacemaking 
conducting-contractile unit Within differentiating embryonic 
stem (ES) cells. The model provides an in vitro model that 
closely resembles the anatomy of the mammalian PCS in 
that GATA6 expressing cells form a discrete cluster of 
pacemaking cells that are separated from contracting cells 
by minK only expressing cells that serve not only to transmit 
an action potential arising in the GATA6 pacemaking cells 
to the contracting cells but appear to also modulate this 
signal. 

[0029] In another embodiment of the invention, the 
GATA6 enhancer is used to drive expression of a selectable 
marker, such as for example the neomycin resistance gene. 
When a population of neomycin-resistant cells is selected 
based on expression from GATA6 regulatory elements in 
differentiating EBs, the morphology of these cells resembles 
that of nodal (pacemaking) cells in animal hearts. Moreover, 
If (pacemaking current) has been recorded in these cells. 

[0030] The ability to isolate populations of pacemaking/ 
conducting cardiac myocytes generates a model system for 
the testing and thus development of novel anti-arrhythmic 
drugs. Heretofore, there has been no Way to develop drugs 
speci?cally for cardiac pacemaking/conducting myocytes 
because the molecular characteristics of these cells Were not 
knoWn. In addition to being used to generate cell-culture 
systems, this cell system permits the development of bio 
logical pacemakers or tissue-engineered cardiac structures 
to treat patients With heart disease. 

DESCRIPTION THE DRAWINGS 

[0031] FIG. 1: Graphical depiction of the relative differ 
ences in action potential in cells from different areas of the 
heart. 

[0032] FIG. 2: General design of expression constructs 
according to one embodiment of the present invention. (A) 
minK; and (B) GATA6. 

[0033] FIG. 3 A-F: (A) representative cGATA6-minK co 
positive cell having a morphology corresponding With (C) a 
typical “nodal” spontaneous action potential. (B) another 
typical “atrial” cell like morphology observed in cGATA6 
minK co-positive cells is shoWn With (D) a corresponding 
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4“atrial-like” action potential (stimulated) Waveform. (E) 
Representative traces from a cGATA6-minK co-positive cell 
demonstrating the inWard hyperpolariZation-activated cation 
current characteristic of nodal cells. (E) Current-voltage 
relationship for hyperpolariZation-activated currents mea 
sured in cGATA6-minK co-positive cells before (triangles) 
and after (squares) treatment With 10 mM cesium chloride. 
Points represent mean values at each membrane potential, 
error barszstandard error of the mean (SEM), n=l6 cells. 

[0034] FIG. 4: Processed image by overlapping phase 
contrast and ?uorescent images using Metamorph software 
depicts a cardiac conduction system in embryoid bodies and 
shoWs co-expression of cGATA6 (red in color photograph, 
color not provided here) and minK (green in color photo 
graph, color not depicted here) overlain on the correspond 
ing phase-contrast image in a representative EB. 

[0035] FIG. 5: Separating spontaneously contracting 
regions from cGATA6-positive cell clusters reduces spon 
taneous contraction frequency. (A) This representative 
region of an EB shoWs the spatial relationship betWeen a 
cGATA6-positive cell cluster (red staining Was found in the 
dense area on the right labeled “cGATA6”) and an adjacent 
spontaneously contracting region on the left (labeled “con 
tracting region”). (B) This is an image of the same region in 
FIG. 5(A) folloWing physical separation of the cGATA6 
positive cluster and the spontaneously contracting region. 
(C) Separating the cGATA6-positive cells from adjacent 
spontaneously contracting regions caused either a marked 
reduction or cessation of spontaneous contractions (* 
p<0.05, n=11). 
[0036] FIG. 6: Sequence of the chicken GATA6 promoter/ 
enhancer [—1.5/0.0] fragment. 

[0037] FIG. 7: Sequence of a 4.2 kb murine minK 
enhancer region. 

[0038] FIG. 8 A-F: (A) ShoWn are single cGATA6-neo 
cells 4 days folloWing the end of G418 selection (day 16 of 
differentiation). (B) Approximately 10 days folloWing G418 
selection (day 22 of differentiation), cGATA6-neo cells are 
seen groWing in clusters. (C) Representative traces from a 
cGATA6-neo cell demonstrating a voltage-gated calcium 
current (10 mV voltage steps from —80 to +60 mV from a 
holding potential of —80 mV) and (D) a graph of the average 
current-voltage relationship for the calcium current (n=6 
cells). (E) Representative traces from a cGATA6-neo cell 
demonstrating the inWard hyperpolariZation-activated cation 
current and (F) a graph of the average current-voltage 
relationship (n=5 cells). Points represent mean values at 
each membrane potential, error barszstandard error of the 
mean (SEM). 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0039] A primitive cardiac conduction system that reca 
pitulates What is occurring during embryogenesis Was 
knoWn to develop in embryonic stem cells that are alloWed 
to begin differentiation in embryonic bodies. In addition to 
providing models for studying cellular differentiation, ES 
cells give rise to functional cardiac myocytes exhibiting 
characteristics of atrial, ventricular, and nodal cells. 

[0040] The presence of cardiac myocytes in developing 
EBs is classically con?rmed by observing spontaneous 
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contractions. Several groups have used micro-dissection to 
isolate spontaneously contracting regions and demonstrated 
the presence of cells resembling atrial, ventricular, and nodal 
myocytes based on their electrophysiological properties 
(Maltsev VA, et al. Mech Dev 44 (1993) 41-50; Zhang Y M, 
et al. Am JPhysiol Heart Circ Physiol 285 (2003) H2770-9; 
Doevendans P A, et al. J Mol Cell Cardiol 32 (2000) 
839-51). HoWever, the organization of these cell types 
Within intact EBs has never been fully appreciated due to a 
lack of appropriate molecular markers. 

[0041] In addition, because molecular markers of special 
iZed cardiac conducting cells Were unde?ned, it remained 
unknown Whether these contracting regions Were simply 
isolated groups of myocytes or groups of cells in a higher 
organization. In order to identify, isolate, and expand spe 
cialiZed cardiac pacemaker/conducting cells, molecular 
markers had to be identi?ed that could characteriZe the 
desired subpopulations of pacemaking and conducting cells. 

[0042] By harnessing selected regulatory elements to 
direct the expression of surrogates, the present inventors 
have identi?ed molecular markers of certain specialiZed 
cells of the PCS. In particular, the identi?cation of these 
markers has been applied to the generation of cardiac 
pacemaker cells and cardiac conducting cells from embry 
onic stem cells. 

[0043] Embryonic stem cells Were ?rst isolated from mice 
and Were found to form aggregates or embryoid bodies in 
vitro that spontaneously differentiated into various cell types 
(Martin G. Proc. Natl. Acad. Sci. USA 78 (1981) 7634-7638; 
Evans M and Kaufman M. Nature 292 (1981) 154-156). 
Embryonic stem (ES) cells may be used as a source of cells 
that are capable of differentiating into many different cell 
types including cells potentially able to differentiate into 
cardiomyocytes. The term “embryonic stem cell” as used 
herein refers to a type of stem cell isolated from a morulae 
or the inner cell mass (ICM) of an in vitro fertiliZed embryo 
groWn to the blastocyst stage. FertiliZed eggs begin dividing 
and initially form a cluster of “totipotent” cells that are 
capable of developing into a complete organism or differ 
entiating into any cell type of that organism. The cluster of 
totipotent cells begin differentiating to spherical body 
termed a blastocyst that has a discrete outer layer of cells and 
a morulae or inner cell mass (ICM) of cells. The ICM cells 
are “pluripotent” and thus cannot develop into a complete 
organism, but are able to differentiate into several different 
cell types. 

[0044] ES cells are unique in their ability to groW rela 
tively inde?nitely in culture While retaining a normal karyo 
type. Murine ES cells can be cultured for many passages on 
gelatiniZed culture dishes in the presence of the cytokine 
Leukemia Inhibitory Factor (LIF), Which causes them to 
remain in an undifferentiated state. (See Williams et al., US. 
Pat. No. 5,166,065). For differentiation, LIF is removed 
from the culture medium and cells are placed into suspen 
sion cultures in Which they form aggregates called embryoid 
bodies (EBs). 

[0045] The term “stem cell” generically refers to pluripo 
tent cell. Stem cells are further de?ned by origin, such as for 
example, embryonic, adult, mesenchymal, etc. Although all 
stem cells can form cells of more than one different pheno 
type, and have the ability to proliferate including in in vitro 
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culture through many divisions, the origin of the stem cell 
may limit the constellation of cell types that can form from 
it. 

[0046] The term “embryoid bodies” refers to the aggre 
gates of differentiated and undifferentiated cells of different 
cell types, typically from several germ layers that arise from 
the culture of ES cells under conditions that alloW them to 
begin differentiation. Differentiating EBs theoretically con 
tain every cell type found in the body and developmental 
gene expression patterns in EBs appear to mimic the patterns 
observed in vivo. HoWever, because all of the normal 
developmental cues that dictate tissue organization are not 
present, the number and location of various types of cells 
Within EBs has appeared to be someWhat random (Maltsev 
VA et al. (1994) Circ Res 75 (1994) 233-44; Hescheler J et 
al. Cardiovasc Res 36 (1997) 149-62). 

[0047] One method of identifying genes important in 
lineage speci?c differentiation is to use molecular engineer 
ing to generate expression surrogates. Transcription control 
elements, herein termed “regulatory elements,” that ordi 
narily control the expression of a particular gene are used to 
drive expression from marker or reporter genes in transgenic 
animal or transfected cells. The marker gene acts as a 
surrogate for detection of the genes and their respective 
control elements that are active in particular cells during 
unique spatial and temporal points in development. 

[0048] Using such regulatory element driven marker 
expression, it Was determined by He and Burch. J Biol Chem 
271 (1997) 28550, that a 1.5 kb region immediately 5' to the 
chicken GATA6 coding sequence is required for expression 
of the atrioventricular canal of the developing heart. HoW 
ever, an additional of 7.7 kb Was required for expression of 
the ventricle and out?oW tract. Using lacZ expression as a 
reporter of cGATA6 activity in transgenic mice, it Was 
demonstrated that cGATA6 is expressed prior to minK in the 
cardiac primordial prior to the formation of the heart tube, 
making it a very early marker. Expression of cGATA6 in the 
adult mouse becomes restricted to the proximal portion of 
the cardiac PCS including the atrioventricular (AV) node. 
(Davis D L et al., Mech Dev 108 (2001) 105-19. Based on 
the Kupershmidt report (Circ Res 84 (1999) 146-152), it Was 
suggested in WO01/ 66814 that the minK promoter be tested 
for restricted or enhanced expression in the conduction 
system using a minK promoter-[3Gal reporter construct in 
transgenic mice. 

[0049] The use of expression surrogates has also been 
used to isolate lineage committed cells as Well as stem cells 
that can be maintained as undifferentiated pluripotent cells. 
In US. Pat. No. 5,639,618, Gay described a method for 
isolating lineage committed stem cells by transfection of a 
pluripotent embryonic stem cell With an expression con 
struct having a regulatory region from a neurogenic lineage 
speci?c gene operably linked to a DNA encoding a reporter 
protein, culturing the cell under differentiation conditions, 
and then separating cells expressing the reporter. 

[0050] The application of cardiac cell-speci?c promoter/ 
enhancer elements to the selection of cardiomyocytes from 
embryonic stem cells has been reported, as Well as the use 
of these selected cardiomyocytes in the formation of stable 
intracardiac grafts (Klug M G et al. J Clin Invest 98 (1996) 
216-224 and US. Pat. No. 5,602,301 and related Reissue 
US. Pat. No. RE37978, describing selection of cardiomyo 
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cytes from embryonic stem cells by co-transfection With a 
plasmid encoding antibiotic resistance under the control of 
the ot-cardiac myosin heavy chain ((X-MHC) promoter). In 
Lee and IZumo, WO01/51006, selection of cardiomyocytes 
after transfection With a plasmid encoding a selectable 
marker under the transcriptional control of Csx/Nkx2.5 Was 
suggested based on cloning of murine Csx/Nkx2.5 pro 
moter/enhancer elements. LikeWise, Muller et al. FASEB J. 
14 (2000) 2540-2548, described the isolation of a subpopu 
lation of ventricular like cardiomyocytes by transfection 
With a vector having an expression construct encoding 
enhanced green ?uorescent protein (EGFP) under the tran 
scriptional control of the ventricular speci?c 2.1 kb myosin 
light chain-2v (MHC-2v) promoter coupled With the 0.5 kb 
CMV enhancer. 

[0051] Conversely, the use of promoters active in very 
early development has been used to selecting for stem cells 
able to maintain an early lineage pluripotent phenotype from 
the differentiating cells of embryoid bodies. (i.e. US. Pat. 
No. 6,146,888 and US. patent application publication no. 
US 20020127715). 
[0052] The use of expression surrogates for isolation of 
cells committed to a cardiac conduction system lineage by 
either positive or negative selection Was suggested in 
WO01/68814. For negative selection, it Was proposed that 
an embryonic stem cell or other multipotent cell could be 
provided carrying a negative selection gene such as the HSV 
thymidine kinase gene fused to a promoter Which is inactive 
in conduction cardiomyocytes but active in other cardi 
omyocytes, for example the connexin 43 promoter, Which is 
inactive in conduction cardiomyocytes. Differentiation of 
the stem cell Was expected to result in mixed population 
containing conduction cardiomyocytes and other cardi 
omyocytes, e.g. Working (contracting) cardiomyocytes. 
[0053] Despite the identi?cation of certain molecular 
markers for localiZation or selection of cell populations in 
the heart, including through the use of speci?c cardiac 
promoter/ enhancer driven surrogate marker expression, 
molecular markers able to identify desired subpopulations of 
pacemaking and conducting cells has not been described and 
Was needed in order to identify, isolate, and expand special 
iZed cardiac pacemaker/conducting cells. 

[0054] In order to provide genetic selection based on 
expression of cardiac-speci?c genes, the present inventors 
constructed numerous expression vectors containing differ 
ent cardiac-speci?c regulators regions in order to determine 
those promoter/enhancer regions that are active in develop 
ment of the PCS. 

[0055] According to one embodiment of the invention. ES 
cells are transfected With vectors expressing marker genes 
under the transcriptional control of upstream regulatory 
elements (promoter/enhancer) that are active in cells of the 
developing cardiac conduction system during early embryo 
genesis. Markers such as for example, internally ?uorescent 
proteins, detectable cell surface markers, and/or antibiotic 
resistance genes cells may be employed. The ES cells are 
then alloWed to differentiate during the formation of EBs. 
Only cells that express the genes active in development of 
the cardiac conduction system Will express the marker. 
Selected cells may be further selected on the basis of siZe by 
FACS. SA nodal cells have a characteristic small siZe. 

[0056] In one embodiment, expression of tWo putative 
genetic markers of the cardiac conduction system GATA6 
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(portion of the GATA6 promoter/enhancer proximal to the 
transcript start) and minK Were used to study the develop 
ment of a discrete sub-population of cells in di?cerentiating 
EBs. It Was known that in developing embryos, expression 
of GATA6 or minK is con?ned to regions of the heart 
corresponding to the location of the specialized conduction 
system, particularly the proximal (SA node to the interven 
tricular bundles) cardiac conduction system. 

[0057] The term minK (a.k.a. Kenel, IsK-related subfam 
ily, member 1) protein is used herein to describes a small 
protein (129 amino acids in mouse and human) representing 
the IKS [3-subunit and that functions to modulate the cardiac 
delayed recti?er potassium currents (IK) resulting from 
expression of HERG and KvLQTl, Which encode the struc 
tural ot-subunits for the channels underlying the cardiac 
delayed recti?er currents Ikr and Iks respectively and is thus 
important to cardiac repolarization. The distribution of 
minK corresponds With the conduction system and cells 
expressing minK co-stain With connexin 40. Connexin 40 
(CX 40) is expressed speci?cally in cells of the mouse 
conducting system but not in Working myocytes. Con 
versely, connexin 43 is expressed primarily by Working 
ventricular and atrial cardiomyocytes. The connexins are the 
component proteins of gap junction channels. Gap-junc 
tional channels composed of different connexin types exhibit 
different biophysical properties, including distinct conduc 
tance, ionic selectivity and molecular permeability proper 
ties. Thus, spatially de?ned expression patterns of connexins 
43, 40 and 45 participate in forming the architecture of the 
cell-to-cell conduction pathWays that permit the orderly 
spread of current ?oW resulting in normal cardiac rhythm. 

[0058] The expression of lacZ in the minK-lacZ knock-in 
mice is knoWn to be restricted to discrete regions of the right 
atrium, extending doWn through the AV node and interven 
tricular bundles (Kupershmidt S et al. Circ Res 84 (1999) 
146-52; Kondo R P et al. J Cardiovasc Eleclrophysiol 14 
(2003) 383-91). The cGATA6 enhancer also marks the AV 
node and discrete regions in the right atrium including the 
SA node (Davis D L et al. Mech Dev 108 (2001) 105-19; 
EdWards AV et al. Novarlis Found Symp 250 (2003) 177-89; 
discussion 189-93, 276-9). Because the expression patterns 
from minK-lacZ and the cGATA6 enhancer are similar in 
vivo, the present inventors examined the expression of both 
markers simultaneously to determine if they identify the 
same cells. EBs generated from ES cells containing the 
minK-lacZ targeting vector Were ?xed and stained them for 
[3-galactosidase expression. In all EBs stained, discrete 
clusters of cells developed that express [3-galactosidase and, 
hence, the minK-lacZ transgene. 

[0059] The term “GATA6” is used to describe a transcrip 
tion factor that is active in early cardiac development. 
GATA6 is a member of the GATA family of zinc ?nger 
transcription factors (GATA 1-6). (Laverriere A C et al., J 
Biol Chem 269 (1994) 23177-23184). The proximal 1.5 kb 
promoter/ enhancer region of the chicken GATA6 gene 
(cGATA6) has been used to identify more discrete compo 
nents of the specialized cardiac conduction system (D L 
Davis et al. Mech Dev 108 (2001) 105). Using lacZ expres 
sion as a reporter of cGATA6 activity in transgenic mice, it 
Was demonstrated by Davis et al. that GATA6 is expressed 
prior to minK in the cardiac primordial prior to the formation 
of the heart tube, making it a very early marker. 
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[0060] HoWever, prior to the present invention, only the 
characteristics of the respective times of expression of 
GATA6 and minK in tissue development had been 
described, but not the characteristics of individual express 
ing cells. In order to ensure that GATA6 and minK are 
expressed in di?cerentiating EBs, the present inventors intro 
duced vectors into ES cells such that expression of reporter 
genes is controlled by regulatory regions derived from either 
the GATA6 or minK genes. In accordance With one embodi 
ment, after the transfected cells are alloWed to di?cerentiate 
into EBs, cells that are transcriptionally active from either 
the GATA6 or minK regulatory elements Will express the 
marker gene and are identi?ed, isolated and characterized. 

[0061] If for example, lacZ is used as the marker, cells 
transcriptionally active from regulatory regions derived 
from either the GATA6 or minK genes Will appear blue upon 
exposure to the substrate for the lacZ enzyme. Using lacZ as 
the marker, development of discrete evolving populations 
Was demonstrated after ?xing and staining of EBs contain 
ing cells expressing each of the tWo cardiac conduction 
system markers, GATA6 and mink. 

[0062] Thus, in one embodiment of the invention, undif 
ferentiated murine J1ES cells Were transfected With expres 
sion vectors to create the 3 genetically-modi?ed populations 
of cells containing the vectors cGATA6QRFP, minK—>lacZ, 
and cGATA6QRFP+minKQlacZ The minK-lacZ targeting 
vector Was transfected into a separate population of ES cells 
as Well as the same ES cells containing the cGATA6QRFP 
vector alloWing the study of the tWo putative markers of the 
cardiac conduction system separately and simultaneously. 
These genetically-altered ES cells Were di?ferentiated as 
embryoid bodies (EBs) using the hanging-drop method. 
Spontaneously contracting regions Were detected in approxi 
mately 75% of EBs at day 8 of di?cerentiation in all groups 
(cGATA6, mink, and cGATA6/minK). 

[0063] In order to demonstrate the functional attributes of 
cells active from either the GATA6 or mink regulatory 
elements in living cells, vectors Were utilized in Which 
expression of different ?uorescent markers Was controlled 
by either the GATA6 enhancer (Red Fluorescent Protein or 
RFP) or the minK enhancer (lacZ expression monitored 
using a vital, ?uorescent substrate, ?uorescein di-galacto 
side from Molecular Probes, Which ?uoresces green and 
alloWs detection Without ?xing the cells). These expression 
vectors Were then introduced into undilferentiated ES cells 
to create a stable, genetically altered cell line. This ES cell 
line has provided an extremely poWerful tool for studying 
the expression of tWo molecular markers simultaneously 
during di?cerentiation. Additionally these markers alloWed 
the identi?cation and separation of these cells from all other 
cell types found in the EBs. 

[0064] Imaging EBs for GATA6-positive and minK-posi 
tive cells revealed an organization resembling the pacemak 
ing-conducting-contractile organization found in the heart. 
In the heart, myocytes of the pacing/conducting system 
(PCS) include the excitory sinoatrial (SA) node and atrio 
ventricular (AV) node cells (pacemaking cells) as Well as 
conducting cells. Sinoatrial node cells can be identi?ed from 
surrounding atria cells by a number of physical character 
istics. Physical characteristics of the typical cells of the 
central SA node are a characteristic staining pattern, a 
smaller size than surrounding atrial cells and the presence of 
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feW poorly organized myo?laments. Cells in the center of 
the SA node cells are termed “P” or “pale” cells. As a 
consequence of the feWer myo?brils of nodal cells, they 
appear pale in light microscopy. Cells having this morphol 
ogy are considered “typical nodal” cells. (MR Boyett et al. 
Cardiovascular Res 47 (2000) 659-687). 

[0065] SA node cells display a characteristic delayed 
recti?er K+ current (IK) and hyperpolarization-activated (If) 
currents that re?ect the fastest rate of diastolic depolariza 
tion among cardiomyocytes. Hyperpolarization-activated 
(If) currents are also termed “funny” currents. In the heart, 
the pacemaking and specialized conducting cells do not 
contain the sarcomeric organization exhibited by atrial and 
ventricular myocytes since they do not serve a contractile 
function. 

[0066] As used herein, the terms “pacing cell” or “pace 
making cell” are used interchangeability to refer to cells 
having the physical characteristics of the typical nodal cells 
of the central SA node including the above described char 
acteristic staining pattern, a smaller size than surrounding 
atrial cells, the presence of feW poorly organized myo?la 
ments and displaying the characteristic hyperpolarization 
activated (If) currents. As used herein, the phrase “pacemak 
ing/conducting cells”, abbreviated PCS, refers to non 
contracting cardiomyocytes of the cardiac conduction 
system. The pacemaking cells include SA and AV node cells. 
The conducting cells include internodal cells, and cells of 
the Bundle of His and right and left bundles, as Well as 
Purkinje cells. 

[0067] The present inventors surprisingly found that 
GATA6- and minK-positive cells co-localize adjacent to 
spontaneously contracting regions in the EBs. In fact, 
cGATA6-positive cells appear to represent a sub-population 
of minK-positive cells, Which extend and merge into con 
tracting regions. Although their expression patterns in vivo 
seem to partially overlap, the present inventors determined 
that the cGATA6 enhancer identi?es more discrete popula 
tions of cells. In EBs, cGATA6-positive cell clusters could 
be identi?ed at day 5 of differentiation While minK-positive 
cells Were observed at day 8, Which is When spontaneous 
contractions are ?rst observed in the EBs. cGATA6 cells are 
mostly present in fairly compact clusters, While cells 
expressing the minK-lacZ transgene are more diffuse. 
Approximately 80-90% of cGATA6-positive cells are also 
minK-positive, and they seem to represent a sub-population 
of the minK-positive cells. 

[0068] The present inventors found GATA6-positive ells, 
considered to represent a small “nodal” phenotype, located 
near, but not in mechanically contracting regions of EBs. In 
EBs, every spontaneously contracting region observed Was 
associated With a cGATA6- and minK-positive cell cluster. 
Approximately 10% of the EBs observed did not contain 
cGATA6- and minK-positive cell clusters. These same EBs 
also contained no spontaneously contracting regions. 

[0069] The cGATA6-positive cells Were alWays separated 
from the spontaneously contracting regions by a “bridging” 
minK-positive region, Which is similar to nodal organization 
in vivo With the presence of transitional myocytes. (Addi 
tionally, in vivo the AV node is functionally coupled With the 
contracting ventricular myocardium by the rapidly conduct 
ing interventricular bundle branches. (Anderson R H & Ho 
S Y. J Cardiovasc Eleclrophysiol 9 (1998) 1233-48). The 
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transitional cells are minK positive but GATA6 negative. 
GATA6-positive cells represent a subpopulation of the 
minK-positive cells organized in clusters throughout EBs. 
When examining spontaneously contracting regions of EBs, 
it appears as though the GATA6-positive clusters act as 
pacing “nodes” for nearby contracting regions. 
[0070] The functionality of the in vivo cardiac conducting 
model Was tested. Nodal cardiac myocytes spontaneously 
depolarize to generate electrical impulses that are propa 
gated to “Working” myocytes causing contractions. These 
spontaneous depolarizations are caused primarily by cal 
cium in?ux. To further determine that GATA6-positive cells 
function as pacemaking cells in EBs, EBs Were loaded With 
a calcium-sensitive dye that ?uoresces in the presence of 
free intracellular calcium. Increases in intracellular calcium 
Were detected and localized in EBs containing GATA6 
positive cells indicating a higher basal intracellular calcium 
concentration compared to surrounding cells. In cardiac 
myocytes, the intracellular calcium concentration increases 
in response to a depolarizing stimulus. Therefore, in cardiac 
myocytes, calcium transients are directly proportional to 
cellular depolarization. 
[0071] When EBs Were incubated With a calcium-sensitive 
dye to image calcium ?uxes, rhythmic, spontaneous calcium 
oscillations Were detected being emitted from cGATA6 
positive cell clusters into the surrounding contracting 
regions. Using EBs loaded With a ?uorescent, calcium 
sensitive dye, spontaneous calcium transients could be 
detected in cGATA6-positive cell clusters at day 6 of dif 
ferentiation, prior to the onset of spontaneous contractions, 
and continued after the onset of spontaneous contractions. 
This indicates that nodal myocytes develop functional pace 
making properties prior to the onset of visible contractions. 

[0072] FolloWing the onset of spontaneous contractions 
(day 8), calcium sparks could be seen emitting from 
cGATA6-positive cells into nearby contracting regions. 
Interestingly, calcium transients seem to emerge from the 
GATA6-positive cells and then spread to surrounding cells, 
including contractile cardiac myocytes. This data provides 
evidence that the GATA6-positive cells serve as pacemaking 
cells for neighboring contracting cardiac myocytes in EBs. 

[0073] The ultimate test for the presence of functional 
pacemaking cells is to uncouple the pacemaking cells from 
the contracting cells and observe a change in contraction 
rate. Thus, in order to test Whether these cells do, in fact, 
function in EBs as pacemakers, a scalpel Was attached to a 
micromanipulator to physically separate GATA6-positive 
cellular clusters from associated spontaneously contracting 
regions of EBs (FIG. 5B). In 3 of the EBs, spontaneous 
contractions ceased, While in 6 EBs, the contraction rate 
decreased from an average of 75 contractions/min. to 40 
contractions/min. This response mimics nodal dysfunction 
in the intact heart. In a further test, When cGATA6-positive 
cell clusters Were physically separated from adjacent con 
tracting regions, contraction rates decreased from 52:11/ 
min. to 12:10/min. (n=ll EBs) before and after separation. 
(FIG. 5 (C). By demonstrating that the rate of spontaneous 
contractions in EBs is dependent on physical coupling With 
cell clusters marked by the cGATA6 enhancer, these cells 
Were shoWn to function as pacemaking cells in a multicel 
lular environment. 

[0074] Having determined that cells identi?ed by the 
cGATA6 enhancer and the minK-lacZ transgene function as 
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specialized pacemaking/conducting cells in vitro, single 
cells from the EBs Were isolated to determine their electro 
physiological properties. Because each cardiac-speci?c cell 
population has a distinct action potential Waveform (FIG. 1), 
determining the action potential may be used to functionally 
characterize a cardiomyocyte population. Based on action 
potential Waveforms, cells can generally be classi?ed as 
nodal (SA orAV), atrial, distal conducting (His-Purkinje), or 
ventricular. The differences in the action potential Waveform 
shapes from various cardiac myocytes are due to the relative 
levels of expression of speci?c ionic currents. One common 
characteristic of cells of the specialized cardiac pacemaking 
and conducting system is the relatively high expression of 
the hyperpolarization-activated (funny) pacemaking current 
(If), considered to be one of the primary currents involved in 
cardiac pacemaking. 

[0075] Electrical currents can be assessed in single cells 
using a technique called patch-clamping. Using this tech 
nique, a micropipette containing an electrode is introduced 
into single cells to measure the action potential and identify 
the cell type generally in accordance With the patterns 
depicted in FIG. 1. 

[0076] Thus, in addition to de?ning the GATA6-positive 
cells in the context of intact, differentiating EBs, the patch 
clamp technique Was used to study electrophysiological 
characteristics of these single cells. On the day prior to 
experiments, EBs are disrupted using trypsin and mechani 
cal dissociation to yield single cells and plated onto cover 
slips. For patch-clamp studies, coverslips are placed into a 
recording chamber on an inverted Nikon microscope. A 
Whole-cell con?guration of the patch-clamp technique in 
current-clamp mode is used to shoW that these cells display 
action potentials characteristic of cardiac myocytes. 

[0077] Using the Whole-cell con?guration of the patch 
clamp technique, it Was determined by the present inventors 
that, although cGATA6/minK co-positive cells are hetero 
geneous With respect to their action potential Waveforms 
(exhibit both nodal and atrial), all of these cells express a 
signi?cant, cesium-sensitive If. 

[0078] The hyperpolarization-activated (“funny”) pace 
making current (If) Was detected in cGATA6 and minK 
positive cells at average densities of 25:10 pA/pF and 
20:15 pA/pF, indicating that these tWo molecular markers 
identify sub-populations of cells With characteristics of 
specialized conducting cardiac myocytes. Thus a model 
system is provided in Which cGATA6 and minK positive 
cells function in regulating spontaneous contractions in 
differentiating EBs and express the Ifpacemaking current. In 
studying these single cells, it Was determined that almost all 
of the GATA6-positive cells also express mink, but the 
reverse is not true. 

[0079] Although the electrophysiological properties of 
cardiac pacemaking cells are fairly Well established, the 
molecular phenotype of these cells has remained mystery. In 
order the characterize the molecular phenotype of the 
GATA6-positive pacemaking cells, a population of cells Was 
selected that express the neomycin resistance gene under 
control of the cGATA6 enhancer to analyze the expression 
of a panel of cardiac genes encoding transcription factors, 
structural and sarcomeric proteins, ion channels, and gap 
junction proteins. Some of the results provided novel insight 
into the regulation of these unique cells. The cGATA6-neo 
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cells express signi?cant levels of nkx2.5, GATA4, GATA6, 
0t— and [3-mhc, and desmin, Which con?rm their identity as 
cardiac myocytes. See Sachinidis Aet al. Cardiovasc Res 58 
(2003) 278; Doevendans PA & van Bilsen M. In! JBiochem 
Cell Biol 28 (1996) 387. The cells also express a high level 
of mlc-2a (an atrial-speci?c myosin light chain isoform) and 
no detectable mlc-2v (a ventricular-speci?c isoform). 
Because the SA and AV nodes are located in the right atrium, 
the mlc-2a expression supports their nodal phenotype. 

[0080] Of 9 transcription factors analyzed, the tWo most 
highly expressed are msx2 and GATA6. Nodal cells are 
considered to represent primitive cardiac myocytes that have 
not initiated a “chamber-speci?c” gene expression pattern 
(Moorman A F & Chliisto?‘els V M. Novarlis Found Symp 
250 (2003) 25-34, discussion 34-43, 276-9). Most of the 
information regarding the function of msx2 is in the context 
of limb development and tissue regeneration (Carlson M R 
et al. JExp Zool 282 (1998) 715; NechiporukA & Keating 
M T. Development 129 (2002) 2607). In the heart, msx2 
expression has been found only in portions of the specialized 
conduction system (Chan-Thomas P S et al. Dev Dyn 197 
(1993) 203-16). The fact that msx2 is expressed at an 
extremely high level in the cGATA6-neo cells supports the 
idea that these are primitive (less differentiated) cells. In 
Xenopus, increased expression of gata6 delays myocardial 
differentiation (BreWer A et al. J Biol Chem 274 (1999) 
38004). 
[0081] Another transcription factor expressed at a high 
level in the cGATA6-neo cells is tbx3. Moorman and Christ 
olfels have shoWn that tbx2 and tbx3 bind nkx2.5 and 
repress the transcription of “chamber-speci?c” genes such as 
anf and connexin 40, thereby marking primitive cardiac 
myocytes (Moorman A F & Christolfels V M. Novarlis 
Found Symp 250 (2003) Supra). Both anf and connexin 40 
are expressed at very loW levels in cGATA6-neo cells. 
Recently, it Was shoWn that tbx3 becomes restricted to the 
SA and AV nodes and an internodal tract in adult mice 
(Hoogaars W M, et al. Cardiovasc Res 62 (2004) 489-99). 

[0082] Thus, in one embodiment, the present inventors 
have developed and characterized a model in Which co 
expression of the tWo molecular markers cGATA6 and minK 
in differentiating ES cells reveal a functional cardiac con 
duction system in vitro. cGATA6-positive cell clusters act as 
pacemaking units that functionally couple With nearby con 
tracting regions of EBs. This EB model system and the 
pacemaking/conducting cells identi?ed by these markers 
provide an invaluable tool for studying the fundamental 
biology of cardiac pacemaking cells, designing targeted 
pharmaceutical agents, and developing novel cellular and 
tissue-engineered therapies. By isolating ES cell-derived 
cardiac myocytes With a nodal phenotype, a cell model 
system has been generated that can be used to probe the 
differentiation and molecular regulation of cardiac pacemak 
ing cells. 

[0083] The present inventors have also surprisingly found 
that cells selected on the basis of cGATA6 activation can be 
stably maintained in a relatively primitive nodal cell state of 
differentiation through serial passage or, alternatively, can be 
induced into different phenotypes through manipulation of 
culture conditions. Thus, in another embodiment, after sur 
rogate marker selection based solely on transcriptional activ 
ity relating to a GATA6 enhancer, cells can be maintained in 
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a nodal phenotype through serial passage and used as a 
source for nodal cell studies, drug testing for effects on nodal 
cell function or transplantation to supplement pacemaker 
cell insu?iciencies. However, if desired, these cells can 
alternatively be converted to more terminally differentiated 
contractile cells by altering culture conditions. In one 
embodiment, stable cell populations derived originally by 
surrogate marker selection based on the cGATA6 promoter/ 
enhancer are induced to differentiate into contractile atrial 
type cells by culturing in differentiation media. In one 
embodiment, the differentiation media contains supplements 
selected from the group: norepinephrine, insulin, ascorbic 
acid and combinations thereof. Such cells are then useful for 
contractile cell studies, drug testing for effects on contractile 
cell function or transplantation to repair damage to the 
myocardium. 

[0084] As used herein, the phrase “promoter element” 
means nucleic acid sequences that are able to engage and 
drive the transcription apparatus resulting in the production 
of a transcript. The phrase “enhancer element” means a 
nucleic acid sequence that is able to augment expression 
from a promoter. Enhancer elements are typically located in 
proximity to promoter elements and are upstream of a 
coding sequence. HoWever, an enhancer element can be 
located Within introns or doWnstream of the coding 
sequence. As the boundary betWeen promoter and enhancer 
elements may be di?icult to de?ne Where both elements are 
located upstream of a coding sequence, the combined term 
promoter/enhancer is often used or the term promoter may 
be used to encompass both promoter and enhancer. 

[0085] The phrase “GATA6 regulatory element” as used 
herein means nucleic acid sequences that are derived from a 
GATA6 promoter, enhancer or promoter/enhancer and natu 
rally participate in the controlled spatial and temporal 
expression of the GATA6 transcription factor. When used in 
conjunction With surrogate makers, GATA6 regulatory ele 
ments permit a discemable re?ection of the expression of 
GATA6. One example of a nucleotide sequence that contains 
a GATA6 regulatory element is the —l .5 to —0.0 kb proximal 
region of the chicken GATA6 promoter/enhancer. Using the 
present system as a benchmark or “control” for the desired 
in vitro differentiation phenotype, further regulatory ele 
ments may be isolated by molecular engineering including 
subset sequences, synthetic sequences and chimeric 
sequence, including those derived from the GATA6 pro 
moter/ enhancer of other species including from human, 
mouse, etc. GATA6 regulatory elements may be combined 
With additional promoter and enhancer elements as long as 
they continue to re?ect controlled spatial and temporal 
expression of the GATA6 transcription factor. 

[0086] The phrase “minK regulatory element” as used 
herein means nucleic acid sequences that are derived from a 
minK promoter, enhancer or promoter/enhancer and natu 
rally participate in the controlled spatial and temporal 
expression of the minK structural protein. When used in 
conjunction With surrogate makers, minK regulatory ele 
ments permit a discemable re?ection of the expression of 
minK. One example of a nucleotide sequence that contains 
a minK regulatory element is the —4.0 to +0.2 kb region of 
the minK genomic sequence proximal to the initiator codon 
of the murine minK coding sequence. This region is prima 
rily intronic. Using the present system as a benchmark or 
“control” for the desired in vitro differentiation phenotype, 
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further regulatory elements may be isolated by molecular 
engineering including subset sequences, synthetic sequences 
and chimeric sequence, including those derived from the 
minK promoter and/ or enhancers of other species including 
human, etc. MinK regulatory elements may be combined 
With additional promoter and enhancer elements as long as 
they continue to re?ect controlled spatial and temporal 
expression of the minK structural protein. 

[0087] The term “regulatory element” as used herein 
means any nucleotide sequence that increases or decreases 
transcriptional expression from a coding sequence to Which 
it is operably linked. The regulatory element may be su?i 
cient for transcription and thus be considered to be the 
promoter, or may Work in concert With a promoter and be an 
enhancer element. Alternatively the regulatory element may 
be a promoter-enhancer combination. By molecular engi 
neering, these regulatory elements can be exploited to drive 
the expression of marker genes, Which are then expressed in 
the same temporal and spatial fashion as the coding 
sequences With Which the expression regulatory sequences 
are naturally apart. The phrase “regulatory element driven 
selection” as used herein refers to the use of expression 
regulatory sequences to drive expression of marker genes 
under such temporal and spatial conditions as the expression 
regulatory sequences Would ordinarily drive expression of 
the genes to Which they are naturally apart. The marker gene 
acts as a “surrogate” for expression of the gene to Which the 
regulatory element is normally a part. As used herein, the 
phrase “regulatory element driven selection” is synonymous 
With “surrogate marker selection.” The marker can be any 
detectable expressed gene product including, for example 
and Without limitation, ?uorescent proteins, enzymes, anti 
biotics, cell surface antigens, and combinations thereof. 

[0088] The regulatory element referred to above may be a 
regulatory sequence for a “developmental stage speci?c 
protein”, Which is de?ned as a structural or regulatory 
protein that has been observed to be expressed in a discrete 
temporal and/or spatial pattern during development. GATA6 
and minK are developmental stage speci?c proteins under 
this de?nition. 

[0089] The terms “vector” or “expression vector” as used 
herein refer to a replicatable nucleic acid expression system, 
such as an autonomous self-replicating circular DNA (e.g., 
a plasmid) or virus, Which is able to transfer an “expression 
construct” from one host to another. Typically, the vector 
does not replicate in the ?nal host in Which expression takes 
place. 

[0090] By “expression construct” is meant a nucleic acid 
molecule that includes a transcribable sequence including a 
coding sequence for a product of interest. The expression 
construct enables expression of the product at an elevated 
level and has been designed as a functioning genetic unit 
capable of directing transcription of the coding sequence 
into a functional RNA. The product of interest encoded by 
the coding sequence may be a polypeptide or a RNA such as 
an antisense-RNA. An expression construct of the present 
invention includes, at the least, a regulatory element and a 
coding sequence. The terms “polypeptide”, “peptide” and 
“protein” are used interchangeably in this disclosure to refer 
to polymers of amino acids of any length. 

[0091] The phrase “operably linked” as used herein refers 
a physical and functional relationship. Thus, promoters 
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operably linked to a coding sequence are able to effect 
expression of the coding sequence. Genetic elements are 
said to be “operatively linked” if they are in a structural 
relationship permitting them to operate in a manner accord 
ing to their expected function. For instance, if a regulatory 
element such as a promoter helps initiate transcription of the 
coding sequence, the coding sequence can be referred to as 
operatively linked to (or under control of) the promoter. 
There may be intervening sequence betWeen the promoter 
and coding region so long as this functional relationship is 
maintained. 

[0092] The terms “transfected” and “transfection” as used 
herein refer to methods of delivering exogenous DNA into 
a cell or cells in a population. Transfection may occur in vivo 
as Well as in vitro. For purposes of the present invention, a 
transfected cell and its progeny can be said to be “genetically 
altered”, “transfected”, or “transformed” by the nucleic acid 
Where the introduced nucleic acid results in a measurable 
change in the cell, typically manifest as a phenotypic 
change. Transfection may be accomplished by a variety of 
techniques, including Without limitation, physical methods 
such as electroporation and sonoporation, or may be facili 
tated by chemical methods including through the use of 
liposomes, cationic lipids and other cationic compounds that 
physically associate With the DNA, ionic and non-ionic 
compounds and detergents, etc. that increase the ability of 
the exogenous DNA to enter host cells. These speci?ed 
methods are not limiting and may be accomplished by any 
relevant technique Well known to a person of ordinary skill 
in the art. 

[0093] General techniques useful in the practice of this 
invention are knoWn to those of skill in the art as detailed in 
standard textbooks, handbooks and revieWs in cell biology, 
tissue culture, molecular genetics, genetic engineering, 
embryology and cardiology. Included are Molecular Clon 
ing: A Laboratory Manual, (Sambrook et al.); Oligonucle 
otide Synthesis (Gait M J, ed.,); Animal Cell Culture (3rd Ed., 
edited by John R W Masters); and Current Protocols in 
Molecular Biology and Short Protocols in Molecular Biol 
ogy, 3rd Edition (Ausubel F M et al., eds.). Reagents, 
cloning vectors, and kits for genetic manipulation referred to 
in this disclosure are available from commercial vendors 
such as Sigma, Invitrogen, Stratgene and ClonTech, among 
others. 

[0094] The folloWing examples illustrate certain aspects 
of the above-described method and advantageous results. 
The folloWing examples are shoWn by Way of illustration 
and not by Way of limitation. 

EXAMPLE 1 

System Development and Characterization 

[0095] The expression of lacZ in the minK-lacZ knock-in 
mice is restricted to discrete regions of the right atrium, 
extending doWn through the AV node and interventricular 
bundles (Kupershmidt S et al. Circ Res 84 (1999) 146; 
Kondo R P et al. J Cardiovasc Electrophysiol 14 (2003) 
383). The cGATA6 enhancer also marks the AV node and 
discrete regions in the right atrium including the SA node 
(Davis D L et al. Mech Dev 108 (2001) 105; EdWards A V 
et al. Novartis Found Symp 250 (2003) 177-89; discussion 
189-93, 276-9). Based on an appreciation that expression 
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patterns of minK-lacZ and the cGATA6 enhancer are similar 
in vivo, the present inventors undertook an examination of 
expression of both markers simultaneously to determine if 
they identify the same cells. In order to get an idea of the 
expression pattern of these markers, EBs generated from ES 
cells containing the minK-lacZ targeting vector Were ?xed 
stained them for [3-galactosidase expression. In all of the 
EBs stained, discrete clusters of cells expressing [3-galac 
tosidase and, hence, the minK-lacZ transgene Were 
observed. 

[0096] Culture of ES cells: Murine J1 embryonic stem 
“ES” cells (provided by Rudolf Jaenisch, and as described in 
Li E. Bestor T H, Jaenisch R. Cell 69 (1992) 915) Were 
cultured as folloWs: Dulbecco’s modi?ed Eagle medium 
(DMEM) (Invitrogen) supplemented With 0.1 mM non 
essential amino acids (NEAA) (Invitrogen), 100 U/mL: 100 
ug/mL penicillin: streptomycin (Invitrogen), 10'4 M [3-mer 
captoethanol, and 10% fetal bovine serum (PBS) was used 
as the base medium for culturing both undifferentiated and 
differentiating ES cells. The ES cells are maintained in an 
undifferentiated state by culture With the base medium 
described above supplemented With 1000 U/mL leukemia 
inhibitory factor (LIF) (Chemicon). Human and murine 
recombinant LIF are disclosed in Gearing at al., US. Pat. 
No. 5,187,077. Undifferentiated ES cells are passaged using 
0.05% trypsin-EDTA every 48 hours and plated onto 10 cm2 
0.1% gelatin-coated culture dishes With a split ratio of 
approximately 1:6. 

[0097] Differentiation of ES cells: In development of the 
present invention, efforts Were undertaken to develop and 
con?rm methods for isolating stem cells able to differentiate 
into cells of the pacing/conducting system. It Was knoWn 
that as embryoid bodies (“EBs”) differentiate, spontaneously 
contracting regions can be observed and that these sponta 
neously contracting regions contain cells With electrophysi 
ological characteristics of atrial, ventricular, and pacemak 
ing/conducting myocytes (Wobus A M et al. Ann NY Acad 
Sci 752 (1995) 460). Techniques relating to ES and EB cell 
culture and manipulation are generally outlined in Maltsev 
V A et al. Mech Dev 44 (1993) 41. 

[0098] Brie?y, 20 [LL drops containing 200 ES cells each 
in differentiation medium (groWth medium Without leuke 
mia inhibitory factor) Were placed on non-treated tissue 
culture Petri dishes (Fisher), Which Were inverted for 2 days. 
These EBs in hanging drops Were then suspended in differ 
entiation medium in the same dishes for an additional 5 
days. At day 7 of differentiation, EBs Were plated onto tissue 
culture dishes coated With 0.1% gelatin Where they remained 
until used for experiments. 

[0099] Generation of a model conduction/pacing system: 
Undifferentiated ES cells Were transfected With lineariZed 
minK-lacZ targeting vector. A minK-lacZ targeting vector 
Was provided by Dan Roden and Sabina Kuperschmidt, as 
described in S Kupershmidt et al. Circ Res 84 (1999) 146). 
The construct as generally depicted in FIG. 2A includes 
approximately 4.2 kb of genomic sequence immediately 5' 
to the initiator ATG of the minK coding sequence, as Well as 
1.6 kb of genomic sequence immediately 3' to the minK 
coding sequence. A genomic sequence for the 4.2 kb of 5' 
upstream sequence to the murine minK coding region, SEQ 
ID NO:2, is reproduced on FIG. 7. Essentially all of the 
minK enhancer sequence employed is from the 2nd intron of 
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the initial transcript. In the targeting vector used, the minK 
coding sequence was replaced with a lacZ coding sequence 
followed immediately by a phosphoglycerate kinase pro 
moter driving expression of neor. Thus, expression of lacZ 
is in?uenced by the minK regulatory element. The minK 
lacZ vector was linearized for transfection of undifferenti 
ated ES cells using the cationic lipid transfecting agent 
LF2000 (Invitrogen) according to the manufacturer’s pro 
tocol. Transfected ES cells were cultured for 7 days in the 
presence 300 ug/mL G418 (AG Scienti?c) and 20 uM 
ganciclovir (Sigma). 

[0100] Following a second period of selection in the same 
concentrations of G418 and ganciclovir, the undifferentiated 
ES cells containing the minK-lacZ expression vector were 
co-transfected with the linear chicken GATA6-1.5/0.0 kb 
enhancer (cGATA6)-ERFP vector and a linear pcDNA3.1(+ 
)-hygro vector (Invitrogen) using LF2000 and selected with 
300 ug/mL hygromycin (Sigma) for 7 days. A general map 
of the GATA6 expression vector construct is depicted in 
FIG. 2B (pGATA6). The proximal 1.5 kb (—1.5/0.0) region 
of the chicken GATA6 promoter/enhancer (cGATA6) (pro 
vided by John Burch, as described in D L Davis et al. Mech 
Dev 108 (2001) 105) was inserted into the Sal1 and BamHI 
sites in the multiple cloning site of a promoter-less enhanced 
red ?uorescent protein (ERFP) vector (Clontech). Thus, 
expression of ERFP is controlled by the cGATA6 regulatory 
element. In FIG. 6 the sequence of the cGATA6 promoter is 
provided (SEQ ID NO: 1) with the regions of the cGATA6 
promoter that are identical to the mouse and human GATA6 
promoters highlighted and underlined. 

[0101] Once undifferentiated ES cells containing vector 
constructs (for example, minK-lacZ or minK-lacZ and 
cGATA6-ERFP) were generated, they were differentiated 
using the hanging drop method as previously described. 
Some EBs were ?xed and stained for [3-galactosidase 
expression using the Stratagene [3-galactosidase Staining 
Kit. Imaging (?uorescent and phase/contrast) was performed 
using a Nikon microscope along with Metamorph Software 
(version 5.0 v6, Advanced Scienti?c). For visualiZing minK 
positive live cells, EBs were incubated the day of recording 
for 20 min. at 37° C. in medium containing the ?uorescent 
[3-galactosidase substrate ?uorescein di-galactoside (20 uM 
FDG-C12) (Molecular Probes). Cells were then washed with 
PBS and incubated for 1 hour in differentiation medium 
prior to visualiZation. 

[0102] In EBs generated from ES cells expressing both 
minK-lacZ and cGATA6-enhanced red ?uorescent protein 
(ERFP), expression of both vectors was detected simulta 
neously in live cells using ?uorescent microscopy after 
incubation with ?uorescein di-galactoside (FDG). In co 
expressing cell populations, minK-lacZ cells (green) were 
imaged using the FITC ?lter while cGATA6-positive cells 
(ERFP, red color) were detected using a rhodamine ?lter. 
Staining for [3-galactosidase activity revealed discrete clus 
ters of mink-positive cells within the EBs. 

[0103] Although minK is expressed in discrete cell clus 
ters, expression of cGATA6 is restricted to a sub-population 
of minK-positive cells, recapitulating their expression pat 
terns in vivo, as has been described. (S Kupershmidt et al. 
Circ Res 84 (1999) 146 and Wobus A M et al. Ann NYAcad 
Sci 752 (1995) 460). In fact, cells expressing minK extend 
from cGATA6-positive clusters and merge with nearby 
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spontaneously contracting regions (FIG. 4). cGATA6-posi 
tive cell clusters are almost always separated from nearby 
spontaneously contracting regions. Although there is some 
heterogeneity with regard to the siZe and relative location of 
these cell clusters, the organiZation with respect to contract 
ing regions is consistent. The EBs used in these experiments 
were generated as “hanging drops” so that the developmen 
tal conditions for each EB was as standardiZed as possible. 
The cellular arrangement depicted by these two molecular 
markers is strikingly similar to that of the cardiac conduction 
system in vivo, where a pacemaking node of cells is bridged 
with working (contracting) myocardium by specialiZed, 
rapidly conducting myocytes. The cGATA6 enhancer is ?rst 
expressed in these EBs at approximately day 5 of differen 
tiation while minK expression is not detected until day 8 
(when spontaneous contractions are ?rst observed). 

[0104] cGATA6 identi?es pacemaking or “nodal” struc 
tures: In order to determine whether cGATA6 actually 
identi?es pacemaking or “nodal” structures, EBs were incu 
bated with a calcium-sensitive ?uorescent dye (Calcium 
Green®) and imaged before and after the onset of sponta 
neous contractions. Fluorescent calcium-sensitive dyes are 
useful for demonstrating functional coupling as well as 
excitation propagation in vitro (Viatchenko-Karpiinski S et 
al. Proc Natl Acad Sci USA 96 (1999) 8259). Calcium 
dependent depolariZations generated by nodal (pacemaking) 
myocytes are propagated throughout the heart to control 
myocardial contractions (Sauer H et al. Am J Physiol Heart 
Circ Physiol 281 (2001) H411). 

[0105] For imaging calcium ?uorescence, EBs were 
loaded with 10 uM of the membrane-permeant acetoxym 
ethyl ester derivative of the ?uorescent calcium indicator, 
CALCIUM GREEN® (Molecular Probes) for 30 min. at 37° 
C. The EBs were then washed and incubated for 1 hour in 
differentiation medium before images were acquired. Cells 
were imaged on a Diaphot TMD (Nikon) inverted micro 
scope using the 20x objective. Images were captured using 
a digital camera (Roper Scienti?c) and analyZed with Meta 
morph Software. 

[0106] It was determined that cGATA6 identi?es pace 
making or “nodal” structures by loading EBs with a cal 
cium-sensitive ?uorescent dye (CALCIUM GREEN®) and 
imaging them while they are spontaneously contracting. 
cGATA6-positive clusters were found to display a higher 
basal calcium concentration than surrounding cells. At day 
6 of differentiation, prior to the onset of visible spontaneous 
contractions, rhythmic, spontaneous calcium oscillations are 
observed in GATA6-positive cell clusters. After the onset of 
spontaneous contractions (day 10 of differentiation), cal 
cium oscillations are observed emitting from cGATA6 
positive clusters, extending into contractile regions. 

[0107] A representative region of an EB (6d of differen 
tiation) isolated prior to the onset of visible spontaneous 
contractions demonstrated a cGATA6-positive cell cluster 
by red staining. Calcium imaging frames from the same EB 
region at rest and during depolarization were overlain on 
phase-contrast images of the same region. The same EB 5 
days later demonstrated the cGATA6-positive cells. Calcium 
imaging frames from the same EB region at rest and during 
contraction were overlain on phase-contrast images of the 
same region. Calcium oscillations (green) could be clearly 
seen originating from the cGATA6-positive cell cluster 
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(red). Calcium sparks are emitted from cGATA6-positive 
cell clusters prior to the onset of spontaneous contractions. 
These data demonstrate that cGATA6-positive cell clusters 
exhibit spontaneous, rhythmic calcium oscillations prior to 
the onset of visible contractions in EBs. The rhythmic 
calcium oscillations emitted from cGATA6-positive cell 
clusters into nearby contracting regions persists at least to 
days 10 and 20 of differentiation (last time point measured). 

[0108] cGATA6-positive cell clusters are physically 
coupled to spontaneously contracting regions and control the 
rate of contraction in EBs: To determine Whether cGATA6 
positive clusters are functionally coupled With contracting 
regions, experiments Were performed in Which the cGATA6 
positive cells Were physically separated from nearby con 
tracting regions. After identifying cGATA6-positive cell 
clusters near spontaneously contracting regions (FIG. 5A), 
spontaneous contractions Were counted by direct visualiZa 
tion under the microscope. In order to separate cGATA6 
positive cells from spontaneously contracting regions, a 
scalpel ?xed to a micromanipulator (Eppendorf) Was loW 
ered into the EBs betWeen cGATA6-positive and contracting 
regions and quickly pulled through so that there Was com 
plete separation of the tWo areas Without any discemable 
tissue destruction (FIG. 5B). Spontaneous contractions Were 
counted again after the separation. 

[0109] As controls, cuts Were made on the opposite side of 
spontaneously contracting regions, aWay from the cGATA6 
clusters. Physically separating these tWo regions either 
reduces the spontaneous contraction rate from 565110 to 
1717.5 contractions/min. (n=11) or causes cessation of 
spontaneous contractions (FIG. 5C). None of the control 
cuts caused a change in contraction rate. Thus it Was shoWn 
that cGATA6-positive clusters are functionally coupled With 
contracting regions and that physical coupling betWeen the 
tWo cell populations affects contraction rate. 

[0110] Electrophysiological characteristics of the pace 
making/conducting cells: The electrophysiological charac 
teristics of the pacemaking/conducting cells Were examined 
on spontaneously contracting EBs (differentiation day 15) 
dissociated into single cells (FIG. 3A-F) and used for 
patch-clamp experiments. It is accepted that cardiac pace 
making cells exhibit a characteristic action potential Wave 
form and express a prominent hyperpolariZation-activated 
cation current (It, pacemaking current) (Cho H S et al., J 
Physiol 550 (2003) 169; Boyett M R et al., Cardiovasc Res 
47 (2000) 658; Stieber J et al., Proc NazlAcad Sci USA 100 
(2003) 15235). 
[0111] On the day prior to recording, EBs Were dispersed 
and plated onto glass coverslips coated With 0.1% gelatin. 
On the folloWing day, coverslips Were transferred to a 
recording chamber mounted on an inverted microscope 
(Nikon Diaphot-TMD) and superfused With extracellular 
recording solution. All experiments Were conducted at room 
temperature (22-250 C.). Whole-cell voltage-clamp and cur 
rent-clamp experiments Were carried out using a standard 
Giga-seal patch-clamp method (Hamill O P et al. P?ugers 
Arch 391 (1981) 85). Recording electrodes Were fabricated 
from 1.5 mm thin-Walled borosilicate glass tubes (#7052. 
Garner Glass, Claremont, Calif.), using a Flaming-Brown 
microelectrode puller (P-97, Sutter Instruments, Novato, 
Calif.) and heat-polished before use. Each of the pipettes 
used had a tip resistance of 2-5 MQ When ?lled With internal 
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solution. Recordings Were performed using anAxoclamp 2B 
patch-clamp ampli?er (Axon Instruments, Union City, 
Calif.). Data Were ?ltered at 2 kHZ, and data Were acquired 
using Clampex 8 softWare (Axon Instruments). 

[0112] Cells Were identi?ed as minK- or cGATA6-positive 
using either the FITC or the rhodamine ?lters, respectively 
during ?uorescence microscopy. Spontaneous action poten 
tials Were recorded from spontaneously contracting cells or 
Were elicited by stimulation With a 2.5 ms, 200 pA square 
Wave current. Recordings Were made 1 min. folloWing 
establishment of the Whole-cell con?guration. For current 
clamp recordings, the extracellular bath solution contained: 
140 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 
10 mM glucose and 5 mM HEPES at pH 7.4 (With NaOH). 
The intracellular pipette solution contained: 140 mM KCl, 
10 mM NaCl, 2 mM MgCl2, and 5 mM HEPES at pH 7.3 
(With KOH). 
[0113] Voltage-gated calcium currents (ICa) Were elicited 
in the Whole-cell con?guration by holding cells at —80 mV 
for 500 ms and then applying 10 mV steps (500 ms) from 
—80 to +60 mV and returning to the holding potential of —80 
mV. When recording ICa the extracellular solution contained 
140 mM tetraethylammonium-chloride (TEA-Cl), 10 mM 
CaCl2, 1 mM MgCl2, 10 mM glucose, 5 mM 4-aminopyri 
dine, and 10 mM HEPES at pH 7.4 (With TEA-OH). The 
intracellular pipette solution contained 140 mM CsCl, 2 mM 
MgCl2, 10 mM EGTA, 5 mM Mg-ATP, and 10 mM HEPES 
at pH 7.3 (With CsOH). 

[0114] HyperpolariZation-activated (If) currents Were elic 
ited by holding cells at —40 mV for 50 ms folloWed by 10 
mV steps (2 sec) to —140 mV and returned to —40 mV (50 
ms) after each step. Following the recording of If, cells Were 
superfused With extracellular solution containing 10 mM 
cesium chloride. When measuring If, the extracellular solu 
tion Was the same as that used for measuring action poten 
tials (current-clamp) except for the addition of 2 mM BaCl2, 
and 0.5 mM 4-aminopyridine. The intracellular pipette solu 
tion contained 10 mM NaCl, 130 mM K-aspartate, 2 mM 
Na2ATP, 0.1 mM Na2GTP, 2 mM MgCl2, 1 mM EGTA, 10 
mM HEPES, 10 mM tetraethylammonium chloride, at pH 
7.3 (With KOH). 

[0115] Isolated cells expressing both cGATA6 and minK 
Were shoWn to display morphological and electrophysi 
ologic characteristics of cardiac pacemaking/conducting 
cells. Referring to FIGS. 3(A)-(F), in FIG. 3(A) a represen 
tative cGATA6-minK co-positive cell displaying a “nodal” 
morphology (as described by Wu J et al., Am J Physiol Heart 
Circ Physiol 280 (2001) H1232) is shoWn. Of the isolated 
cells expressing both cGATA6 and minK, cells displaying a 
“nodal” morphology (FIG. 3A) exhibit action potential 
Waveforms characteristic of cardiac nodal cells With a 
prominent diastolic (phase 4) depolariZation (FIG. 3C). 

[0116] In FIG. 3 (B) cGATA6-minK cells With morpholo 
gies similar to contracting atrial myocytes display atrial-like 
action potential Waveforms (FIG. 3D). FIG. 3(E) presents 
representative traces from a cGATA6-minK co-positive cell 
demonstrating the inWard hyperpolariZation-activated cation 
current characteristic of nodal cells. (P) Current-voltage 
relationship for hyperpolariZation-activated currents mea 
sured in cGATA6-minK co-positive cells before (triangles) 
and after (squares) treatment With 10 mM cesium chloride. 
Points represent mean values at each membrane potential 








































